Purpose: How are motor maps modified within and in the immediate vicinity of a damaged zone in the motor cortex of non-human primates? Methods: In eight adult macaque monkeys subjected to a restricted chemical lesion of the hand area in the primary motor cortex (M1), motor maps were established using intracortical micro-stimulation (ICMS) techniques. The monkeys were subdivided into five animals without treatment, whereas three monkeys received an anti-Nogo-A antibody treatment. Results: Following permanent M1 injury, the lesion territory became largely non micro-excitable several months post-lesion, in spite of some recovery of hand function. Few sites within the lesion territory remained excitable, though irrespective to the degree of functional recovery. Around the lesion in M1, there was no reallocation of proximal shoulder/arm territories into distal hand functions. However, ICMS delivered at supra-threshold intensities in these proximal territories elicited digit movements. Post-lesion ICMS thresholds to elicit movements of forelimb muscle territories increased, independently from the degree of functional recovery. Further behavioural evidence for an enhancement of functional recovery promoted by the anti-Nogo-A antibody treatment is provided.
Introduction
A lesion of the adult motor cortex results in a longlasting hemi-paresis of the corresponding (opposite) body territory, although some spontaneous and incomplete functional recovery may occur during the weeks or months following the cortical damage (see e.g. Dancause and Nudo, 2011 for review). Knowledge of the mechanisms underlying this limited spontaneous recovery is crucial in order to develop strategies to enhance functional restitution from cortical damage, using rehabilitative training protocols and/or various treatments (pharmacological, cell therapy, brain stimulation, etc). Before clinical application can be done safely and efficiently, mechanisms of functional restitution should be elucidated in detail using animal models. In this context, the model of the non-human primate is especially valuable as the general organization of the motor system controlling voluntary movements in monkeys is similar to that of humans (Courtine et Friel and Nudo, 1998; Murata et al., 2008) , or in combination with peri-infarct electrical stimulation .
One may hypothesize that the more extensive (or severe) the lesion in M1, the more likely is the involvement of a non-primary motor cortical area in the incomplete functional recovery. If the lesion is however restricted to a part of M1, there is evidence that preserved territories in M1 may be re-organized to take over part of the lost motor function, if post-lesion training/practice takes place or in case of neonatal lesion (Glees and Cole, 1950; Rouiller et al., 1998; Plautz et al., 2003) . The re-organization of such peri-lesion territory in M1 consists in changes of somatotopic representations, as assessed by intracortical microstimulation (ICMS) by comparing pre-lesion and post-lesion motor maps. The goal of the present study was to investigate, in a relatively large group of eight adult macaque monkeys subjected to a restricted chemical (excitotoxic) lesion of the hand M1 representation, how the motor maps are modified within as well as at the vicinity of the damaged zone using ICMS performed pre-lesion and repeated post-lesion, after the incomplete functional recovery has reached a plateau. In other words, it is hypothesized that, as a result of ibotenic acid infusion in the hand area in M1, the lesioned territory remains non-responsive to ICMS post-lesion, in spite of an incomplete functional recovery. A further hypothesis is that the extent of functional recovery is related to the degree of motor map rearrangement in the cortical territories immediately adjacent to the lesion. Finally, the pool of eight monkeys subjected to a unilateral lesion of the motor cortex was subdivided into a subgroup of five (control) animals without treatment to improve functional recovery, and a subgroup of three monkeys which received an anti-Nogo-A antibody treatment (see Gonzenbach and Schwab, 2008; Schwab, 2010 for review on this therapy), known to enhance functional recovery after motor cortex lesion in the rat (Papadopoulos et Cheatwood et al., 2008; Gillani et al., 2010 ). An assessment of the possible benefit of the anti-Nogo-A antibody treatment on functional recovery was conducted here from the eight monkeys, in parallel to the analysis of the electrophysiological data.
Methods

General survey of the experiments
The data were collected from 8 monkeys (macaca fascicularis, 3.5-6.5 kg, 4-6 years old, 1 female and 7 male), all trained to perform 3 different behavioral tasks aimed at assessing manual hand dexterity Kaeser et al., 2011 Kaeser et al., , 2013 Hamadjida et al., 2012) : (i) the modified Brinkman board task; (ii) the rotative Brinkman board task; (iii) the Brinkman box task (see Schmidlin et al., 2011 for a detailed description and for visualization of the 3 manual dexterity tasks). Once the monkeys attained a stable behavioral performance for several weeks (thus reaching a pre-lesion plateau), a chronic stainless steel chamber was implanted above the left hemisphere, to have access principally to the primary motor cortex (M1) and the dorsal and ventral premotor cortical areas (PMd and PMv, respectively). The hand area of M1 was defined based on a first series (pre-lesion) of daily ICMS sessions for a period of about 2 months, during which the behavioral training was pursued, though to a lesser extent. After completion of the pre-lesion ICMS map, behavioral training was more extensively repeated in order to confirm the pre-lesion plateau of manual dexterity obtained before the ICMS phase. Targeting the ICMS sites where a movement of the hand was elicited at low threshold, ibotenic acid was infused at multiple sites (Table 1) to generate a permanent lesion aimed unilaterally at the hand representation, as previously reported (Liu and Rouiller, 1999; Kaeser et al., 2010 Kaeser et al., , 2011 Bashir et al., 2012; Hamadjida et al., 2012) . The behavioral assessment was conducted daily over several months to quantify the deficits resulting from the lesion as well as the time course and extent of functional recovery during several months post-lesion (see Kaeser et al., 2010 Kaeser et al., , 2011 Bashir et al., 2012; Hamadjida et al., 2012) . After reaching a post-lesion plateau of behavioral recovery, stable over a few weeks, a second (post-lesion) series of daily ICMS session was performed, with the aim to investigate how the initial hand representation was modified by both the lesion and the functional recovery of manual dexterity. The second series of daily ICMS sessions also lasted approximately 2 months, as the same sites were re-explored. The aim of the present study was to specifically compare the pre-lesion and the post-lesion ICMS maps.
Surgical procedures and animal care, previously described in detail (Kaeser et 
Manual dexterity tests (behavioral assessment)
The eight monkeys were trained to perform behavioral tasks aimed at quantifying manual dexterity (see above). In the present report, behavioral data derived from the modified Brinkman board task are reported. The task, modified from the original test (Brinkman and Kyupers, 1973; Brinkman, 1984) , was designed to specifically assess manual dexterity in monkeys (see Schmidlin et al., 2011 for detail). The monkey, sat in a primate chair, is placed in front of a board comprising of 50 slots, 25 oriented vertically and 25 horizontally, each filled with a food pellet. Using either the left hand or the right hand, the monkey grasped pellets using the precision grip, by opposing the tip of the index finger to the tip of the thumb. The methods of analysis of the behavioral data have been presented in a recent report . In the present study, motor performance was assessed by the score, given by the number of pellets retrieved during the first 30 seconds of the test, from either the vertical or the horizontal slots. A total score was calculated, corresponding to the sum of the scores obtained for the 2 slots orientations.
Surgical procedures
All surgical procedures were conducted under deep anesthesia. Before all implant surgeries, the monkeys were sedated with an intramuscular (i.m.) injection of ketamine (Ketalar ® ; Parke-Davis, 5 mg/kg) and atropine was injected to reduce bronchial secretion (0.05 mg/kg, i.m.). Monkeys were then deeply anesthetized with an intravenous (i.v.) perfusion of 1% propofol (Fresenius ® ) mixed with a 5% glucose saline solution (1 volume propofol and 2 volumes of glucosaline, delivered at a dose of 0.1 mg/kg/min). To prevent brain edema, Dexamethasone (Decadon ® ) was injected i.m. (0.05 ml/kg diluted 1 : 1 in saline). Concomitantly, a preventive pain killer (Carprofen) was administered i.m. (Rimadyl ® ; 50 mg/ml, 4 mg/kg). To further reduce possible activation of pain receptors during the surgery itself, ketamine was added to the i.v. perfusion solution (0.0625 mg/kg/min), as previously reported (Freund et al., 2007) . The surgery was carried out under continuous monitoring of the following parameters: heart rate, respiration rate, expired CO 2 , arterial O 2 saturation and body temperature. Before surgery, all monkeys received a subcutaneous injection of the antibiotic Albipen ® (Ampicillin 10%, 30 mg/kg). Immediately after surgery and offset of anesthesia, the monkey was continuously supervised by the experimenters until it was sufficiently awake and started to eat and drink. During the week following the surgery, additional doses of Carprofen were given daily (Rymadil ® pills mixed with food, 4 mg/kg). Antibiotic (ampiciline as above) was administered on alternate days for the first week after surgery. All surgeries were performed in a facility under sterile conditions and approved by the cantonal veterinary office.
Cortical chronic chamber implant
After reaching a stable behavioral performance (prelesion plateau), a square or a rectangular stainless steel chamber was stereotaxically implanted above the forelimb area of M1 on the left hemisphere (except in Mk-JU which was implanted above the right hemisphere). The chamber was centered at stereotaxic coordinates 15 mm anterior and 15 mm lateral, and at an angle of 30 • with respect to the mid-sagittal plane, allowing perpendicular electrode penetrations with respect to the cortical surface. Six to ten selftaped titanium screws were used to anchor the chamber to the skull. Moreover, for better stability, two flat wings soldered to the chamber, one rostral and one caudal, were also anchored to the skull by titanium screws. The edge of the chronic chamber next to the skull, as well as the titanium screws were covered with dental acrylic or orthopedic cement (Palacos ® ). Over the mid-occipital and frontal regions of the skull, two stainless steel cylinders were anchored with 3-4 titanium screws and then cemented as described above for the chronic chamber. These cylinders allowed head restraining during the cleaning of the chronic chamber and, most importantly, during the ICMS sessions conducted while the monkey was awake. Nevertheless, a partly flexible head restrain attached to the cylinders allowed limited movement of the head. To prevent infection, the chronic chamber was cleaned daily with Betadine and an antibiotic ointment (Morrhulan).
Intracortical microstimulation (ICMS) procedures
During the initial phase of behavioral training, the monkeys were progressively habituated to be passively manipulated, allowing the experimenter to generate passive movement of the forelimb and hindlimb. The goal of this habituation was to offer the possibility to the experimenter to modify the posture of the limbs during the subsequent ICMS sessions, for better assessment (visual and by palpation) of the overt motor response elicited by the electrical ICMS and searching for the threshold. Electrophysiological ICMS procedures (see Rouiller et al., 1998; Liu and Rouiller, 1999; Schmidlin et al., 2004 Schmidlin et al., , 2005 were performed twice in each monkey, first before the cortical lesion in order to guide the lesion procedure by mapping the M1 hand representation and, second, several months after the lesion when the monkeys reached a stable post-lesion manual performance (Table 1) .
For ICMS, we used glass-or mylar-insulated platinum-iridium electrodes with typical impedances between 0.1 to 1.0 M (Frederick Haer & Co., Bowdoinham, ME). The monkey sat in the primate chair, as described previously (Liu and Rouiller, 1999) . The head was restrained and the electrode advancing system (Narishige group, Japan, Model MO-95) was attached to the chronic chamber. Electrode penetrations were performed systematically in and around the hand area of M1, distributed at a 1 mm grid interval, along the rostro-caudal and medio-lateral axes (Fig. 1A) . The electrode was manually advanced (usually 1 mm step in depth), starting from 2 mm below the dura surface, along a maximal distance of 10-12 mm for penetrations targeting the rostral bank of the central sulcus, as recently illustrated (Kaeser et al., 2010) .
The ICMS consisted of 12 electric pulses, delivered in a train of 33 ms duration, at a rate of 330 Hz. The effect of ICMS was assessed by visual inspection and/or palpation of muscle contraction at which a movement was elicited. The minimal current (ICMS threshold) producing the motor response was determined at each ICMS site along the electrode Table 1 List of monkeys subjected to permanent primary motor cortex lesion and included in the present study with identification code 
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Monkeys Mk-CE and Mk-JU were part of a pilot study (Liu and Rouiller, 1999) , with the initial aim to generate fairly large lesions. In subsequent monkeys (Mk-GE and MK-VA), the volume of ibotenic acid was reduced to generate a lesion more focused to the M1 hand area. In the monkeys included later over the 8 years of the study (Mk-RO, Mk-BI, Mk-MO and Mk-SL), ibotenic acid was injected under propofol anaesthesia (as required by new ethical guidelines), and no longer in the awake state. The volume of ibotenic acid was thus slightly increased, as propofol is known to reduce the excitotoxicity of ibotenic acid (Snyder et al., 2007) . In all panels, the set of circles on the bottom of the figure indicates the threshold (in microamps) at which the corresponding body movement was still observable at the lowest intensity. The five graded circle sizes (encountered in the ICMS maps) correspond to different threshold ranges, as indicated on the right of the circles. In each ICMS map, five graded circle sizes have been used to distinguish the excitability of each ICMS site. In panels B and C, the solid oblique line represents the approximate position of the central sulcus as it appears on the surface of the cerebral cortex, whereas the oblique dashed line represents the fundus of the central sulcus. penetration. The intensity of stimulation ranged from 80 to 1 microamp. The intensity of 80 microamps was mostly applied at the beginning of the electrode penetration (close to surface) and was decreased until threshold. At the next ICMS site (1 mm deeper), the initial intensity of stimulation was set slightly above (10 microamps) the threshold intensity of the previous stimulation site. If this intensity did not elicit any movement, then it was progressively increased until threshold, but not above 80 microamps (in the absence of response at 80 microamps, the site was considered as non-responsive). On the other hand, if the slightly increased intensity produced an effect, then it was decreased until threshold. During the entire stimulation period at each ICMS site, one experimenter held the monkey's forelimb and passively moved it to different postures to determine the effect of the ICMS on the different joints (fingers, wrist, elbow, shoulder, etc).
Cortical lesion and anti-Nogo-A antibody pump implant
In each monkey, after completion of the ICMS map and precise delineation of the hand representation in M1, as well as some behavioral retraining, a permanent lesion of M1 was performed unilaterally, targeted to the hand area. The cortical lesion was produced by infusion of ibotenic acid (Sigma) at multiple sites (Table 1) , where movements of the fingers were obtained at low threshold in response to ICMS. The precise procedure of ibotenic acid infusion was described earlier (Liu and Rouiller, 1999; Kaeser et al., 2010; Hamadjida et al., 2012). In a separate and recent study, the time-course of the neurotoxic effect of ibotenic acid infusion in the cerebral cortex of a monkey was assessed based on cerebral blood flow and MRI measurements (Peuser et al., 2011) . A volume of 1 l to 1.5 l of ibotenic acid solution (10 g/l phosphate buffer saline) was injected at each selected ICMS site, via a 10 l Hamilton syringe replacing the electrode at the corresponding penetration site. The total volume of infusion was adapted to the extent and shape of the hand representation in M1 previously determined by ICMS. Ibotenic acid is expected to diffuse approximately 1.5 mm around the center of injection site (by analogy with diffusion of muscimol; see Martin, 1991). The distance between adjacent infusion sites thus ranged between 1.5 to 3 mm, in order to cover most of the hand representation. In the initial monkeys (Table 1 : Mk-CE and Mk-JU), the infusion of ibotenic acid took place when the animal was awake and sat quietly in the primate chair. A few minutes after infusion of ibotenic acid, a progressive motor deficit of the contralateral hand appeared, reflected by a flaccid paralysis of the hand. In subsequent monkeys (Table 1) , ibotenic acid was injected under anaesthesia.
On the day of the lesion, the monkeys subjected to a lesion of M1 were separated into two groups (Table 1) . One group of five monkeys did not receive any treatment (control monkeys) whereas the second group of three monkeys was treated with the antiNogo-A antibody 11C7 (Oertle et al., 2003) . The treated monkeys were implanted in the neck region (in a subcutaneous pouch), under deep anaesthesia, with two osmotic pumps (Alzet ® , model 2ML2, 5 l/h), containing the anti-Nogo-A antibody 11C7 at a concentration of 3 mg/ml. One osmotic pump was used to infuse the antibody intrathecally in the spinal cord at cervical level, as previously reported in our studies on spinal cord injury (Freund et al., 2006 (Freund et al., , 2007 (Freund et al., , 2009 ). The second osmotic pump was used to deliver the antiNogo-A antibody at cortical level, close to the lesion territory. The catheter of this second osmotic pump was tunnelled under the skin to the head of the monkey. Through a small opening in the skull, the tip of catheter was push under the dura in close proximity to the motor cortex. Once the catheters from both osmotic pumps were in place, the muscles and skin were sutured. The osmotic pumps delivered the antibody treatment during 4 weeks and then they were removed under deep anaesthesia. The untreated monkeys were not implanted with osmotic pumps. . The surface representation of the lesion does not reflect directly the actual volume of the gray matter territory impacted by the infusion of ibotenic acid (see for that Table 1 and Figs. 9 and 10). Panel B: View of SMI-32 staining in Mk-SL, showing the 2 hemispheres on a frontal histological section of the brain, at low magnification (middle and right pictures). In the intact hemisphere, the layer V containing the corticospinal neurons is continuous in the motor cortex all along its medio-lateral extent. In contrast, in the lesioned hemisphere, as shown on the left at higher magnification, three territories exhibit an interruption of the layer V, corresponding to cortical zones affected by the ibotenic acid injections (each delineated with a solid line). Note also the presence of a subcortical lesion outlined with a dashed contour, and corresponding to the gray zone displayed in panel A (2), for Mk-SL.
Processing of ICMS data: Unfolding
according to their medio-lateral coordinate. Within each group, the tracks were then ordered according to their rostro-caudal coordinate. On the basis of electrophysiological data and observations, a parasagittal diagram was constructed to represent the cortex that was explored and stimulated. The white matter was identified by a sharp increase of the ICMS effective intensity or even a loss of effect of ICMS on the forelimb joints. The reconstruction of the position of the precentral sulcus was based on the successive ICMS sites that produced effects at the lowest threshold, and the sensory cortex was identified by the absence of forelimb movement or by a significant increase of the ICMS effective intensity, mostly in the fundus of the central sulcus. For each electrode track, sites corresponding to cortical layer V were identified using a combination of electrode depths, and the lowest threshold ICMS intensity site. Electrode penetrations on the convexity of the precentral gyrus traversed cortical layers perpendicularly and, in such cases, it was relatively easy to identify the ICMS site closest to layer V, corresponding to the lowest threshold. For electrode penetrations running along the rostral bank of the central sulcus, roughly parallel to the cortical layers, it was more difficult to identify layer V sites. In such cases, output effects from sites at the same depth from different electrode tracks along the rostro-caudal axis were compared. This analysis yielded a series of reconstructed parasagittal cortical sections oriented along the rostro-caudal axis of the chronic chamber in the plane of the electrode tracks. The first ICMS site of the identified convexity of the rostral bank of the central sulcus was used as the axis for rotating and unfolding the layer V (see Kaeser et al., 2010: Supplemental Fig. 1 ).
Histological processing
As previously reported (Kaeser et al., 2010) , at the end of the experiments (after completion of pharmacological investigations and tracer injections: see Hamadjida et al., 2012 and Hoogewoud et al., 2013), the monkeys were euthanized with an overdose of pentobarbital sodium (90 mg/kg body weight; i.p.). Trans-cardiac perfusion with 0.9% saline (500 ml) was followed by a solution of fixative (4,000 ml of 4% phosphate-buffered paraformaldehyde) and solutions of sucrose (10, 20, 30% in paraformaldehyde). The brains were soaked in a 30% solution of sucrose (in phosphate buffer) for cryo-protection for a few days. Frontal sections (50 m thick) of the brain were cut using a cryostat and collected in five series. One series of sections was Nissl stained with cresyl violet, whereas a second series was processed to visualize the marker SMI-32, as previously described (Beaud et al. 2008; Liu et al., 2002; Wannier et al., 2005) . The Nissl and SMI-32 consecutive series of sections were used to reconstruct the position and extent of the permanent lesion in the cerebral cortex. The SMI-32 stained sections displayed the pyramidal neurons in layers III and V (Fig. 4B) . Finally, the lesion was transposed onto a lateral view of the cortical surface of the lesioned hemisphere (Fig. 4A) . Using a specific tool of the Neurolucida software (based on the Cavalieri method; see e.g., Pizzimenti et al., 2007) , the volume of the cortical lesion (in mm 3 ) affecting the cortical gray matter was calculated by extrapolation from the reconstructions of the lesion on consecutive histological sections of the brain taken at 0.25 mm interval (Table 1) .
Results
Monkeys involved in the present study
The present data were collected from eight monkeys, already included in recent reports from this laboratory, related to the performance of the ipsilesional hand after M1 lesion (Kaeser et al., 2010; Bashir et al., 2012), or used as control (n = 5) in a preliminary approach to establish a cell therapy based on implantation of autologous adult progenitor cells , or aimed at investigating the changes of callosal connectivity in relation to the M1 lesion and the anti-Nogo-A antibody treatment . Some of these animals were also used to pharmacologically investigate the role played by the ipsilesional premotor cortex (PM) in functional recovery (Hoogewoud et al., 2013) . In all of these studies, the ID codes used for the monkeys are the same and therefore they can be easily identified in each individual report. In the present study, the eight monkeys subjected to M1 lesion were specifically analyzed to address the issue of motor map changes using ICMS (Table 1) , representing the new contribution of the current report.
The permanent lesion in the motor cortex, resulting from ibotenic acid injections, were illustrated with corresponding views in SMI-32 and Nissl staining histological material in previous reports (Kaeser et al., 2010; Peuser et al., 2011) . Another example is shown here in Fig. 4B (SMI-32 staining) , derived from Mk-SL. The lesion territories are characterized by an interruption of the layer V, which contains when intact the pyramidal neurons stained with SMI-32, corresponding to the corticospinal neurons. In between the three lesion areas, there are two zones in which the layer V still contains SMI-32 positive neurons, thus corresponding to small territories spared by the lesion.
Pre-lesion motor maps
In all monkeys, before the lesion of M1, ICMS experiments were conducted to delineate the hand representation in M1, defined as the cortical sites where ICMS elicited movements of the digits of the contralateral hand at the lowest threshold. After approximately 1-2 months of daily ICMS sessions, a raw cortical motor map was obtained ( Fig. 1A ; as illustrated in Mk-BI), showing the position on the cortical surface of the electrode penetrations. The hand area on the cortical surface corresponds to the sites of electrode penetrations along which the ICMS effect observed at the lowest threshold was a movement of digits of the contralateral hand (yellow circles in Fig. 1A ). As expected, ICMS delivered at more medial and/or rostral electrode penetrations elicited at lowest threshold movement of more proximal body territories (wrist, elbow, shoulder) and/or face muscles or foot (Fig. 1A) . To avoid damage of the cerebral cortex as might be induced by too many electrode penetrations, the ICMS was mostly focused on the hand representation in M1, without extensive mapping of either the adjacent motor cortical areas (PM, SMA) or of the other body territories in M1 (e.g. face, trunk, leg, etc).
A first analysis of these raw data aimed at obtaining a more comprehensive representation of the motor map focused on the hand representation by unfolding the central sulcus (mostly the rostral bank of the central sulcus, as explained in the methods: Fig. 1B ). In the rostral bank of the central sulcus (where the hand representation is mostly located), the electrode penetrations are roughly parallel to the cortical layers. Consecutive ICMS sites eliciting digit movements at low threshold are encountered along the same electrode penetration (presumably following layer V), thus corresponding to an enlargement of the hand area (yellow circles) in the caudal direction (Fig. 1B in the same Mk-BI), as compared to the raw motor map (Fig. 1A) . Similarly unfolded pre-lesion motor maps have been established for the other seven monkeys (left column in Figs. 2  and 3 ). In the unfolded map pre-lesion, only the ICMS responsive sites were considered. These data show that the extent of the hand area, as delineated by ICMS, is quite variable across monkeys (see Table 1 : estimates of "unfolded" hand area). As expected for M1, most ICMS sites elicit corresponding body movements at low intensity (below 10 microamps).
The "x" symbols in the pre-lesion unfolded motor maps represent the ICMS sites selected for infusion of ibotenic acid to generate a permanent chemical lesion of the hand representation in M1. The reconstruction of the lesion, as seen on a lateral view of the cerebral cortex, is represented in Fig. 4A for each of the eight monkeys included in the present study. The volume of the lesion territory has been assessed ( Table 1) Starting a couple of days after the lesion, the behavioral sessions were pursued, as before lesion, to assess manual dexterity. As a result of unilateral ibotenic acid infusion in the hand area in M1, the contralateral hand was paralyzed, corresponding to a score of zero in all manual tests (see Liu and Rouiller, 1999 . During the following weeks, there was a progressive recovery of manual dexterity, reaching a post-lesion plateau of manual performance. In most cases, the extent of functional recovery is incomplete (Table 1) . After the post-lesion plateau of manual performance has been established for several weeks or months, a second series of ICMS sessions took place to determine the post-lesion motor map in the cortical area in and around the lesion. The time interval between the lesion of the motor cortex (ibotenic acid infusion) and the onset of the second ICMS mapping is indicated in Table 1 for each monkey.
Post-lesion motor maps
Post-lesion, the very same ICMS sites as in the unfolded pre-lesion map were re-visited, when the monkeys reached a post-lesion plateau. The unfolded ICMS maps established post-lesion (panel C in Fig. 1 and right columns in Figs. 2 and 3 ) appear very different from the pre-lesion unfolded ICMS maps. As expected for a permanent lesion induced by ibotenic acid infusion, a majority of territories became nonresponsive to ICMS (black circles in Fig. 1C , right column in Figs. 2 and 3 ), in spite of high intensity A B Fig. 5 . A: Comparison pre-versus post-lesion for each monkey of the number of ICMS responsive sites (effect on joints elicited at an intensity lower than 80 microamps). B: Derived from panel A, the bar graphs show for each monkey the percentage of ICMS sites which became nonresponsive as a result of the lesion in the motor cortex. In the two panels, the three monkeys on the left (asterisks) were subjected to anti-Nogo-A antibody treatment whereas the five monkeys on the right were control (untreated).
stimulation (up to 80 microamps). In one monkey (Mk-CE; Fig. 2) , none of the pre-lesion sites where ICMS elicited digit movements were preserved by the lesion: the entire previous hand area was replaced post-lesion by a non micro-excitable territory (except at 2 sites, replaced by an effect on foot muscles). In Mk-JU, in the post-lesion ICMS map, there was a replacement of hand sites either by a non micro-excitable territory or by more proximal body territories, such as wrist, shoulder or even foot (Fig. 2) . In all other monkeys (Figs. 1-3) , a large proportion of ICMS sites belonging to the hand area pre-lesion became non-responsive post-lesion. However, in these monkeys (Mk-GE, Mk-VA, Mk-SL, Mk-RO, Mk-BI, Mk-MO, in increasing order), there were ICMS sites still eliciting digit movements at the lowest threshold along the corresponding electrode track. In parallel, in these monkeys, some other ICMS sites eliciting digit movements pre-lesion were replaced by more proximal muscle territories (Figs. 1-3) . Overall, out of eight monkeys, the change of ICMS map post-lesion of the motor cortex was quite variable from one animal to the next. With extremely rare exceptions (one site in Mk-VA, one site in Mk-GE) none of the ICMS sites located pre-lesion clearly outside the hand area (e.g. proximal territory) was changed post-lesion into an ICMS site eliciting digit move- Fig. 6 . For each monkey, the histograms show the distribution of the ICMS sites in M1 with respect to the body territory (forelimb), at which the current at threshold elicited a movement before the lesion of M1 (black bars). In each graph, the sum of the four black bars is 100%. The grey bars show the distribution of the same ICMS sites post-lesion, showing that a large proportion of ICMS sites became non-responsive (only the responsive ICMS sites post-lesion have been distributed; their sum is thus clearly smaller).
ments. On the other hand, when digit ICMS sites were present post-lesion, it was in general at a site that was already devoted to the hand area pre-lesion (Figs. 1-3) .
Comparison of ICMS data pre-lesion versus post-lesion
The number of sites where ICMS was applied prelesion was quite variable from one monkey to the next and this is not a meaningful parameter. In contrast, as the very same ICMS sites were re-visited post-lesion, comparing this initial number to the number of still responding sites post-lesion provides a valuable assessment of ICMS map changes (Fig. 5) . In all monkeys, there was a substantial decrease of responding ICMS sites post-lesion (Fig. 5A ), though to a quite variable extent across animals, better seen when plotting the percent of non-responding ICMS sites post-lesion with Fig. 7 . For each monkey, the histograms show the distribution of the ICMS threshold values at which the effect was observed, pre-lesion (black bars) and post-lesion (grey bars). For each body territory (forelimb), the bars indicate the mean threshold and the standard deviation (SD). Note a general increase of threshold post-lesion as compared to pre-lesion. The number of ICMS sites considered post-lesion is much smaller than pre-lesion, as the majority of ICMS sites became non-responsive post-lesion (see Figs. 1-3; 5-6 ). The distributions of thresholds were compared pre-versus post-lesion in each monkey and for each territory (e.g. digit, wrist, etc), using the Mann and Whitney test: n.s. (not statistically significant) is for p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. respect to the total number of responding sites prelesion (Fig. 5B) . The percentage of non-responding ICMS sites ranged from 29% to 85%, in line with the relatively high number of black circles in Figs. 1-3 . In Fig. 6 , for each monkey, the bar graphs in black show the pre-lesion percent distribution of ICMS sites with respect to the corresponding body territories activated: as expected, as the goal of the ICMS sessions was to delineate the hand representation, the majority of ICMS sites elicited digit movements at threshold. The gray bar graphs in Fig. 6 show the same percent distribution but post-lesion, for the sites which still elicited For nearly all other territories, there was also a decrease of responding sites, but generally to a lesser extent than for the digits. This observation suggests that the infusion of ibotenic acid in the hand representation also exerted a detrimental effect at some distance, either by diffusion of the neurotoxic drug and/or indirectly by affecting local networks. Due to the motor cortex lesion, one would expect that the ICMS sites still present after the lesion in the ICMS map elicit movements at a higher threshold than pre-lesion. This prediction has been largely confirmed by the present experiments, as illustrated in Fig. 7 . The increase of ICMS threshold was statistically significant for all body territories in monkeys Mk-VA, Mk-JU, Mk-CE and, except for the wrist, in Mk-SL. In three other monkeys (Mk-MO, Mk-BI and Mk-GE), the increase of threshold was statistically significant only for the digits. Finally, in the monkey with the smallest lesion (Mk-RO), there was no statistically significant increase of threshold post-versus pre-lesion. In only three cases (Mk-BI, Mk-RO and Mk-MO), the threshold was lower post-lesion than prelesion for the elbow territory in the first two monkeys and in the shoulder territory for the latter, but in all three cases the difference was not statistically significant. When present, the extent of the threshold increase post-versus pre-lesion was again quite variable from one monkey to the next (Fig. 7) .
Behavioral data
Based on the modified Brinkman board task, manual dexterity was assessed by the number of pellets (score) retrieved during the first 30 seconds (Schmidlin et al., 2011) on each daily behavioral session. In contrast to our recent report focused on the total number of pellets retrieved (total score), the score data were analyzed here separately for the vertical slots and the horizontal slots. Plots of the behavioral performance of the three anti-Nogo-A antibody treated monkeys are shown in Fig. 8 (panel A) . Before the lesion, after an initial training phase (not shown), the monkeys reached a generally stable manual performance, reflected by a pre-lesion plateau of score. Immediately after the lesion, as expected, the manual dexterity of the contralesional hand dropped to zero. After the lesion, a progressive functional recovery took place during several weeks, to reach a post-lesion plateau. The beginning of the post-lesion plateau (vertical dashed line in panel A of Fig. 8 ), was determined based on criteria as defined in Kaeser et al. (2011) . In two out of the three anti-Nogo-A antibody treated monkeys (Mk-MO and Mk-VA), there was a rebound of score, with a subsequent (significant) increase in the number of pellets retrieved, initiated on the day pointed out by the green arrow (see Kaeser et al. 2011 , for criteria to define the onset of the rebound). The same, original plots of score, showing the deficit immediately after the lesion and the subsequent (spontaneous) functional recovery in the five control monkeys, have been published in recent reports (Kaeser et al., 2010 Bashir et al., 2012) . These plots showed that, in the five control monkeys, there was no such rebound of score post-lesion, as observed in Mk-VA and Mk-MO (panel A in Fig. 8 ). The ratio of the post-lesion plateau score (median value) to the pre-lesion plateau score (median value) defines the percentage of functional recovery, computed for each monkey separately for vertical and Fig. 8 . A: Behavioral data for the three monkeys subjected to anti-Nogo-A antibody treatment, showing the manual dexterity performance (score) in the modified Brinkman board task, as a function of time corresponding to daily sessions pre-lesion (negative days) and post-lesion (positive days). The vertical red line represents the day of M1 lesion. Note the dramatic drop of manual dexterity immediately after the lesion of M1. The score (number of pellets retrieved in 30 seconds) is given for the vertical slots (blue diamonds), the horizontal slots (red squares), whereas the yellow triangles are for the total score (sum of vertical and horizontal slots). As described earlier (Kaeser et al., 2010) , the vertical dashed line points to the onset of a first post-lesion plateau, most likely reflecting the "spontaneous" functional recovery level. The horizontal dashed line shows an upper limit of score given by the median value at first plateau plus twice the difference between the median value and the highest value at plateau. In two monkeys (Mk-VA and Mk-MO), the score reached this upper limit (green arrow) later during the post-lesion phase, interpreted as a second plateau or rebound of functional recovery, possibly reflecting the effect of the anti-Nogo-A antibody treatment. The same plots were presented earlier for the five control monkeys and showed that none of the control monkeys exhibited such a rebound of functional recovery. B: Comparison in the form of box and whiskers plots of pre-lesion ("Pre") and post-lesion (Post 1) scores in the five control monkeys (top panels) and in the three anti-Nogo-A antibody treated monkeys, separately for the vertical slots (left) and the horizontal slots (right). In the two monkeys with a rebound of functional recovery, the middle box is for the first post-lesion plateau (Post 1) and the rightmost box is for the second post-lesion plateau (Post 2). The percent values in red are for the enhancement of functional recovery obtained by reaching the second plateau as compared to the first post-lesion plateau. In the Mann-Whitney test, comparison between pre-lesion and post-lesion median values (first or second plateaux), *** p < 0.001, whereas "n.s." is for not significant (p > 0.05). horizontal slots, as illustrated in the form of box and whisker plots in Fig. 8 (panel B ; see also Table 1 ). In the five control monkeys, the degree of functional recovery ranged between 46% and 100% for the vertical slots and between 9% and 90% for the horizontal slots. Taking into account the final second plateau post-lesion in Mk-VA and Mk-MO, the degree of functional recovery among the three anti-Nogo-A antibody treated monkeys ranged between 77 and 87% for the vertical slots and between 60 and 91% for the horizontal slots.
In order to illustrate the benefit provided by the second post-lesion plateau, reflecting a rebound of functional recovery as observed in the anti-Nogo-A antibody treated monkeys Mk-VA and Mk-MO, video sequences are shown at the following URL address: http://www.unifr.ch/neuro/rouiller/FRJS/index.html. In a control monkey (Mk-BI), three video sequences illustrate the manual dexterity of the monkey before lesion, in the acute phase (immediately post-lesion) and finally at the level of the unique post-lesion plateau (see also Fig. 8B ). Immediately post-lesion, Mk-BI lost the ability to retrieve pellets with the contralesional (right) hand and therefore cheated by trying to use the left hand. At the level of the post-lesion plateau, Mk-BI recovered the manual dexterity to some extent, but mainly for the vertical slots which were preferentially aimed for, with fairly good success before aiming for the horizontal slots with much more difficulty and error occurrences (pellet pushed to neighbouring slots). As expressed by the score (number of pellets retrieved during the first 30 seconds of the test), the degree of functional recovery was more prominent for the vertical slots (94%) than for the horizontal slots (36%; see Fig. 8B ). In contrast, in the anti-Nogo-A antibody treated monkey Mk-VA, functional recovery occurred into two phases (first and second post-lesion plateau; see Fig. 8A and B) , with a comparable percentage of functional recovery for the vertical (87%) and the horizontal (91%) slots. The video sequences for Mk-VA also show the dramatic loss of manual dexterity immediately post-lesion, as compared to pre-lesion. In that case, in the acute phase, Mk-VA also tried to cheat by using the left hand, instead of the contralesional (right) hand. The two video sequences taken at post-lesion plateaux illustrate qualitatively the manual performance at the first (video sequence 3) and second post-lesion (video sequence 4) plateau, respectively. At post-lesion plateau 2, the same monkey Mk-VA was obviously more dextrous than at post-lesion plateau 1. At the latter (video sequence 3), Mk-VA focused on the vertical slots first, at a relatively slow pace, before aiming at the horizontal slots with great difficulty and several errors. At the second plateau (video sequence 4), Mk-VA aimed for both vertical and horizontal slots from the onset of the test, at a much higher pace for both slot orientations. Whilst Mk-VA completed the modified Brinkman board at the second plateau (all 50 slots emptied), for comparison, at first plateau, after the same amount of time, this monkey only emptied 28 out of 50 slots. Moreover, at the second post-lesion plateau (video sequence 4), Mk-VA scanned the Brinkman board more systematically than at the level of the first post-lesion plateau (video sequence 3). This comparison of video sequences 3 and 4 for Mk-VA thus emphasizes the substantial benefit provided by the rebound of functional recovery up to the second plateau, as observed for the 2 anti-Nogo-A antibody treated monkeys Mk-VA and Mk-MO.
The variability of the degree of functional recovery within the two subgroups of monkeys is related, at least in a large part, to the size of the cortical lesion. For this reason, the degree of functional recovery in percent was plotted as a function of the volume of the cortical lesion (Fig. 9) . As expected, considering all eight monkeys, there was a general trend towards a decrease of functional recovery as a result of increasing lesion size (see regression lines in Fig. 9) . First of all, the control monkey Mk-RO with the smallest lesion exhibited an excellent spontaneous functional recovery. Looking at the vertical slots data (middle panel in Fig. 9 ), the distribution of functional recovery for the control monkeys was fairly comparable to that obtained for the anti-Nogo-A antibody treated monkeys. In sharp contrast, the functional recovery was distributed in a clearly more disparate way when considering the horizontal slots (bottom panel in Fig. 9 ). As grasping from the horizontal slots is more challenging than from the vertical slots (see Freund et al., 2009; Schmidlin et al., 2011) , the deficit in control monkeys is more prominent whereas, in the anti-Nogo-A antibody treated monkeys, the treatment resulted, irrespective of the lesion volume, in a substantial restitution of this sophisticated manual ability (combination of precision grip and arm pronation or supination movement needed for grasping from the horizontal slots). In more detail, the anti-Nogo-A antibody treated monkey Mk-VA with a larger lesion recovers the ability to grasp from the horizontal slots a bit more than the control monkey Mk-RO which displays a smaller lesion (bottom panel in Fig. 9 ). The two anti-Nogo-A antibody treated monkeys Mk-MO and Mk-SL recovered clearly better than the other control monkeys (bottom panel in Fig. 9 ). As expected, the plot based on the total score (sum of vertical and horizontal slots; top panel in Fig. 9 ) yields an intermediate figure between the two slot orientations taken separately. The difference between the two groups of monkeys with respect to functional recovery is reflected by their respective regression lines (Fig. 9) , again with a more prominent difference observed for the horizontal slots than for the vertical ones.
To address the question of whether the functional recovery may also be correlated to the change of motor maps in M1 (in and around the lesion territory), the three parameters percent of functional recovery for horizontal slots, volume of lesion and the percentage of non-responsive ICMS sites post-lesion were plotted in 3D form (Fig. 10 ). It appears that the two subgroups of monkeys, differing to some extent with respect to the percentage of functional recovery (except the control monkey Mk-RO with the smallest lesion), superimpose to a large extent as far as the percentage of non-responsive ICMS sites is concerned. In other words, the number of ICMS sites in M1 still eliciting forelimb movements is a poor predictor of the functional recovery for the horizontal slots, which is a more sensitive parameter than the vertical slots. There is also overlap between the two subgroups of monkeys with respect to the volume of the cortical lesion.
Discussion
The results of the present study can be summarized as follows: 1) after permanent chemical lesion of the hand area in M1 in the adult macaque monkey, the lesion territory becomes mostly non micro-excitable several months post-lesion, in spite of some functional recovery (spontaneous or promoted by anti-Nogo-A antibody treatment); 2) some sites within the lesion territory remain excitable, but independent of the degree of functional recovery; 3) around the lesion in M1, there was no evidence for a reallocation of proximal territories to distal functions to replace, at least in part, the original hand representation affected by the lesion; 4) compared to pre-lesion, there was a postlesion increase of thresholds at which ICMS elicited movements of the forelimb muscle territories, but again unrelated to the degree of functional recovery; 5) there is preliminary evidence for an enhancement of functional recovery promoted by the anti-Nogo-A antibody treatment, as reflected by the retrieval score for the horizontal slots in the modified Brinkman board task, extending to the non-human primates results previously obtained in rodents (Papadopoulos et Although the lesioned hand territory in M1 became, as expected, mostly non-responsive to ICMS, there were some sites where ICMS applied post-lesion elicited movements of the contralateral forelimb (Figs. 1-3 ). Do they correspond to preserved cortical sites, spared by an insufficient spread of ibotenic acid? This is most likely not the case, as the responsive sites post-lesion do not correspond to zones where the spots selected for infusion of ibotenic acid were more distant from each other than in zones which became completely non-responsive (see e.g. Mk-RO and Mk-MO). In other words, a deficit of spread of ibotenic acid cannot systematically explain the persistence of micro-excitable sites post-lesion in the cortical area delineated pre-lesion as hand representation. Nevertheless, one cannot totally exclude that few small cortical territories were preserved, as illustrated for Mk-SL in Fig. 4B . Such preserved islands of intact cortex were however rarely observed, as in most monkeys the lesion formed a continuous territory (see Kaeser et al., 2010) . Ibotenic acid infusion does not generate a cavity in the cerebral cortex (Peuser et al., 2011) , in contrast to a surgical lesion, suggesting that during the period of recovery post-lesion, a few corticospinal neurons or indirect connections to the spinal cord were formed by unknown mechanisms.
In the present study, during the weeks post-lesion there was no sustained rehabilitative training protocol imposed on the monkeys (e.g. constraint inducedtherapy), that would complement their daily test sessions. As a consequence, the daily manual dexterity tests correspond to an intermediate motor practice regime. Under these conditions of moderate rehabilitative training, we did not observe any dramatic change of motor maps at the periphery of the lesion in our adult monkeys (e.g. proximal arm/shoulder territory converted into digit sites). Such absence of reappearance of movements previously represented in the lesion zone is reminiscent of the results of , in absence of post-infarct intensive training in adult squirrel monkeys. This situation contrasts with a lesion of M1 performed neonatally in infant monkeys, in which the functional recovery at adult stage was associated with a re-arrangement of the somatotopic representation, with the emergence of a hand territory at a location normally occupied by proximal territories (Rouiller, et al., 1998) . There is also a contrast with the data in adult squirrel monkeys obtained by , who observed a reappearance of hand representations around the lesion in former elbow and shoulder territories, but this change was triggered by a sustained rehabilitative training protocol, not conducted to such an extent in the present study. The present data thus confirm the notion that intensive training is necessary to trigger substantial cortical map reorganization, representing most likely a substrate for an enhanced functional recovery (see Dancause and Nudo for a recent review, 2011). The absence in the present study of cortical map reorganization around the lesion and related to the functional recovery is consistent with previous observations on two control monkeys subjected to M1 lesion, in which the territory immediately adjacent to the lesion is little, if at all, involved in the recovery, in contrast to the ipsilesional premotor cortex which played a significant role (Liu and Rouiller, 1999 ). As outlined above, a contribution of the perilesional territory in M1 may appear in the case of a very small lesion of the hand area (Glees and Cole, 1952) or when the lesion is followed by intense rehabilitative therapy Dancause and Nudo, 2011) . On the contrary, restricted use of a forelimb leads to a reduction of the corresponding digit representation (Milliken et al., 2013 ).
An important consideration is the time interval between the cortical lesion and the time point at which the post-lesion ICMS mapping was repeated. In the present study, this time interval was quite variable across monkeys (Table 1 ) and, in most cases, clearly longer than in the studies conducted on squirrel monkeys by Nudo and collaborators . Especially in the squirrel monkeys subjected to intensive rehabilitative training , the ICMS mapping was repeated early post-lesion (about 5 weeks post infarct), close to the functional recovery itself (see their Fig. 1 ). In the present study, as one of our goal was to assess motor performance post-lesion in the long-term (a strategy which has permitted the observation of a second plateau in Mk-VA and Mk-MO in Fig. 8 ; see also Keaser et al., 2011 for other monkeys), the time interval was clearly longer. As a consequence, one may not exclude the possibility that motor maps may change when comparing for instance time points such as 1-2 months post-lesion and 5-15 months postlesion. Indeed, it may be that peri-lesion territories (in the present case wrist, elbow, shoulder), when stimulated, exhibit effects on the digits at low threshold mainly during the restricted time window of the functional recovery itself (before reaching the postlesion plateau), which are possibly maintained during the first weeks at plateau. Such "early" effects may be explained by rapid unmasking of existent connections to the most distal muscles from proximal territories, mostly silent before the lesion, as proposed by Dancause and Nudo (2011) . As the post-lesion mapping conducted in the present study took place later, such early effects may have been less evident.
To explain the absence of re-appearance of hand representation at the immediate periphery of the lesion in the present study (Figs. 1-3) , in regions formerly occupied by more proximal territories, it is important Fig. 11 . Modification of unfolded ICMS maps post-lesion for Mk-VA as a function of the current intensity delivered at each stimulation site. The top panel is a repetition of the ICMS map obtained post-lesion at threshold (same as in Fig. 3 , top right ICMS map; same conventions as in Fig. 1 ). In the middle panel, the ICMS map shows some "new" territories activated at 20 microamps above threshold: they are ICMS sites eliciting effect on digit and wrist muscles, depicted in yellow and red, respectively. The muscles activated at threshold at the same sites are indicated in the center of the red or yellow circles by the codes W = wrist, E = elbow and SH = shoulder. The ICMS map in bottom panel shows the effects elicited on digit and wrist muscles at 40 microamps above threshold. In the middle and bottom panels, the white circles are for sites with activation of the same body territories as observed at threshold; the colored circles are for sites at which an additional body territory (more distal) was activated, in addition to the one obtained at threshold (indicated by the letter in the center of the circle). The new territories in red are for additional wrist effects and in yellow are for additional digit effects. Note, as current increased, an increasing recruitment of more distal territories (digits and wrist), in addition to more proximal territories found at threshold for the same site of stimulation.
to remember the strict criterion applied here to establish the ICMS map (Figs. 1-3) . The data represent at each stimulation site only the effect elicited by the lowest efficient current (threshold) and not influences on other territories which may occur at somewhat higher currents. In our post-lesion mapping experiments, we indeed also found, at peri-lesion sites representing proximal territories at threshold, ICMS effects on the digits, but at higher current intensities. In other words, these peri-lesion territories addressing digit motoneurons at higher current intensities (but not visible in the ICMS maps established at threshold) may well be the anatomical support for the restored manual dexterity (wrist and digit movements). The recruitment of additional distal territories post-lesion at current intensities above threshold is illustrated for Mk-VA in Fig. 11 . At both 20 and 40 microamps above threshold, there is evidence of additional effects on digits at sites where more proximal body territories are represented at threshold (wrist, elbow, shoulder), as well as of additional wrist effects at sites representing elbow and shoulder territories at threshold. The same phenomenon as depicted in Fig. 11 for Mk-VA was observed in the other monkeys, irrespective of the anti-Nogo-A antibody treatment. In other words, the anti-Nogo-A antibody treatment did not enhance the appearance of ICMS effects from M1 on digit muscles at current intensities above threshold. Indirectly, this observation suggests that the treatment does not appear to promote restoration of CS projections originating from the lesion territory in M1 or from its immediate surroundings. One may then hypothesize that the anti-Nogo-A antibody treatment may rather enhance compensatory sprouting of efferents or afferents to non-primary motor cortical areas, as observed for the callosal inputs to the ipsilesional PM (Hamadjida et al., 2012).
Based on the retrieval score for the horizontal slots in the modified Brinkman board task, the present study provides further evidence for an enhancement of functional recovery promoted by anti-Nogo-A antibody treatment (Fig. 9, bottom panel) . Besides the trend for a better functional recovery in anti-Nogo-A antibody treated monkeys, from the qualitative point of view, two (Mk-MO, Mk-VA) of the three anti-Nogo-A antibody treated monkeys exhibited a rebound in the post-lesion plateau, representing an additional gain of functional recovery whose extent is indicated by the red brackets in Fig. 8B (see also Supplementary video material). The third anti-Nogo-A antibody treated monkey (Mk-SL) did not show such a rebound, but the functional recovery was surprisingly high in spite of a large lesion. The rebound in the post-lesion plateau (Mk-VA and Mk-MO in Fig. 8 ) is similar to the rebound observed in two monkeys which were transplanted with autologous adult progenitor cells . Interestingly, in sharp contrast, out of five control monkeys subjected to M1 lesion but without any treatment (neither anti-Nogo-A antibody nor progenitor cells transplantation) none exhibited a rebound of functional recovery in the post-lesion plateau . Both treatments (in 4 out 5 monkeys) thus provide a secondary enhancement of functional recovery, in addition to the level presumably reached by spontaneous recovery. As far as the effect of the anti-Nogo-A antibody treatment is concerned, the present behavioral data based on three treated monkeys compared to five control monkeys need to be extended to a larger population of monkeys subjected to a lesion of M1. Nevertheless, the evidence for a beneficial effect of anti-Nogo-A antibody treatment on functional recovery from motor cortex lesion reported here, based on the modified Brinkman board task, is in line with preliminary evidence based on another, complementary manual dexterity test, the Brinkman box (Hamadjida et al., 2012) .
From the behavioral point of view, the present study emphasizes the pertinence of horizontal slots in the modified Brinkman board task. It is clearly more challenging than grasping from the vertical slots and it thus represents a more sensitive test, better suited to reflect a benefit of a therapy in our animal model, based on a compromise between a large enough lesion to detect a deficit sufficiently prominent to be compensated better after a treatment and a lesion not too large to avoid a poor condition for the monkeys due to an ethically unacceptable handicap. The sequence of movements to retrieve the pellets from the vertical slots is less difficult than for the pellets in the horizontal slots (see also Freund et al., 2009 ). For the vertical slots, the monkey performs the precision grip to grasp the pellet, without adjustment of the wrist posture. For the horizontal slots, the monkey has to perform a half pronation or supination of the wrist, followed by the precision grip and a flexion of the wrist. The behavioral data show that the lesioned monkeys have serious difficulty to execute this flexion. Thereby, the initial retrieval score of the two orientations is different and so is the functional recovery after the lesion of M1.
Following lesion of M1 and in the absence of treatment, there is evidence based on reversible inactivation experiments, that "spontaneous" functional recovery depends, at least in part, on the ipsilesional premotor cortex, spared by the injury (Liu and Rouiller, 1999; Hoogewoud et al., 2013) . A possible anatomical support for such a vicarious contribution of PM after M1 lesion is the enhancement of the projection of PM to the post-central gyrus (Dancause et al., 2005) . Along the same line, there is also anatomical and functional evidence that, after a lesion including M1 and the lateral PM, the ipsilesional SMA contributes to the incomplete functional recovery (McNeal et al., 2010; see also Eisner-Janowicz et al., 2008). In the present study, it is likely that the functional recovery observed in the five control monkeys subjected to M1 lesion results from a substitution to some extent of M1 by non-primary motor cortical areas, especially the ipsilesional PM.
Furthermore, the present ICMS data largely exclude a prominent role played by more proximal territories in M1 spared by the lesion, in line with reversible inactivation experiments conducted in two of the five control monkeys (Liu and Rouiller, 1999) The current pre-lesion ICMS maps shown in Figs. 1-3 for macaca fascicularis are fully consistent with previously published representations of the output map of M1 in macaque monkeys (macaca mulata), using the same unfolding procedure of the rostral bank of the central sulcus (Park et al., 2001 (Park et al., , 2004 : the extent of the distal (digits) representation is highly comparable, as well as the surrounding of the digits' area by more proximal territories (wrist, elbow, shoulder) medially, rostrally and also laterally, but to a much smaller extent (e.g. Mk-BI and Mk-JU for instance). However, laterally to the digits' area, most ICMS sites elicit movements of face muscles (Park et al., 2001 (Park et al., , 2004 ; present study: not shown). Moreover, the prelesion ICMS maps in Figs. 1-3 confirm the presence of some overlap of the external rim of the digits' area with more proximal territories, as reported by Park et al. (2001 Park et al. ( , 2004 . The pre-lesion raw ICMS maps established in the present study (as shown in Fig. 1 for Mk-BI) are also consistent with previously published ICMS data for intact macaque monkeys, but without unfolding procedure (e.g. Kwan et al., 1978; Sessle and Wiesendanger, 1982; Humphrey, 1986; Lemon, 1988; Aizawa et al., 1990 ).
In conclusion, the present study shows that the rearrangement of motor maps in and around the lesioned territory in M1 is variable across monkeys, but without obvious relationship to the degree of functional recovery of manual dexterity. This conclusion holds for experimental conditions in which there was no intensive rehabilitative training during the weeks postlesion. The situation is likely to be different in cases of more intensive rehabilitative training (see Friel et al., 2000) . Nevertheless, in the absence of such training, there is evidence that some functional restitution of manual dexterity after lesion of the hand representation in M1 in the adult macaque depends to a large extent on the vicarious role played by non primary motor areas (PM, SMA: see Liu and Rouiller, 1999; Eisner-Janowicz et al., 2008; Mc Neal et al., 2010). A significant rehabilitative therapy protocol needs to be implemented in order to favor the re-arrangement of the motor map in the immediate vicinity of the lesion (and perhaps also enhance the contribution of non-primary motor areas), although care should be taken to adopt the most adequate timing of such interventions. In addition, therapies such as neutralization of nerve growth inhibitors (present study; Hamadjida et al., 2012) or cell therapy may further boost the capacity of functional restitution, although a larger number of monkeys is needed to better decipher the precise mechanisms of such enhancements.
